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CHAPTER  I 


BACKGROUND 

Foreign  policy  is  a  means  by  which  one  nation 
informs  other  governments  of  its  beliefs  and  commitments. 
Support  of  its  allies  and  dedication  to  human  rights  are 
common  foreign  policy  statements.  However,  sometimes 
there  exists  a  difference  between  a  nation's  stated  policy 
and  those  issues  over  which  it  is  willing  to  risk  confron¬ 
tation.  Consequently,  it  is  the  ability  and  desire  to 
implement  and  enforce  a  nation's  foreign  policy  that  deter¬ 
mines  its  influence  with  the  rest  of  the  world.  The  United 
States  is  an  excellent  example  of  a  country  that  commands 
global  influence  because  of  its  strong  foreign  policy  and 
its  ability  to  back  up  its  commitments.  Without  this 
ability  the  United  States  would  have  very  little  influence 
thousands  of  miles  away. 

In  order  to  remain  a  credible  source  of  power, 
the  United  States  must  have  the  means  to  implement  its 
policy  objectives.  A  primary  agency  utilized  in  carrying 
out  U.S.  foreign  policy  commitments  is  the  Air  Force. 

The  Air  Force  plays  a  major  role  in  the  deployment  and 
resupply  of  men  and  equipment  worldwide.  It  is  easy  to 
see  then  that  the  U.S.  depends  greatly  on  the  Air  Force 
to  provide  the  means  to  enforce  our  foreign  policy. 


Within  the  Air  Force,  the  Military  Airlift  Command 
(MAC)  has  the  responsibility  for  all  such  strategic  air¬ 
lift.  Consequently,  this  command  is  fully  involved  in  any 
logistics  effort.  The  1973  Arab-Israeli  War  illustrates 
the  essential  role  of  MAC  airlift  in  fulfilling  the  United 
States  foreign  policy  commitments.  After  the  first  few 
days  of  the  war  it  was  only  through  the  continued  resupply 
of  Israel  by  the  United  States,  and  the  Military  Airlift 
Command  in  particular,  that  the  Israelis  were  able  to  con¬ 
tinue  (14:217,225).  Thus,  the  strategic  airlift  role  of 
MAC  has  a  significant  impact  on  the  achievement  of  national 
level  objectives. 

In  order  to  ensure  that  MAC  maintains  the  ability 
to  respond  rapidly  to  any  crisis,  a  great  deal  of  emphasis 
is  placed  on  sustained  aircraft  performance.  Reliability 
becomes  a  major  concern.  If  the  equipment  fails,  or  if 
replacement  parts  are  unavailable  when  needed,  the  aircraft 
launches  late;  this  could  result  in  failure  to  attain  a 
strategic  goal. 

One  of  the  most  critical  systems  on  an  aircraft  is 
the  engine.  Rarely  will  an  aircraft  launch  with  a  serious 
engine  problem.  This  is  especially  true  in  MAC'S  case 
since  any  strategic  airlift  involves  long  flights  over 
the  ocean  without  intermediate  stops.  Obviously,  then, 
the  availability  of  replacement  engines  is  essential  for 
the  successful  accomplishment  of  airlift  missions.  When 
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an  airlift  effort  causes  a  surge  in  flying  hours  and 
numbers  of  aircraft  are  required,  any  shortage  of  replace¬ 
ment  engines  becomes  a  limiting  factor  in  successful  mission 
accomplishment . 

This  limiting  factor  is  a  potential  choke  point 
which  must  be  considered  in  any  scenario  involving 
increased  flying  hours  and  jet  engine  availability.  For 
example,  if  a  wing  averages  two  engine  failures  per  thirty 
missions  flown,  and  the  base  engine  repair  facility  can 
return  an  average  of  two  and  one-half  engines  per  week  to 
spare  status  (given  that  the  wing  averages  thirty  missions 
per  week) ,  then  the  requirement  to  surge  in  a  wartime  situ¬ 
ation  may  increase  the  required  number  of  engines  beyond 
the  facility's  capability  (1:27).  Thus,  the  availability 
of  spare  aircraft  engines  can  become  the  limiting  factor 
or  choke  point  in  the  deployment  and  resupply  effort 
(1:27)  .* 

This  problem,  together  with  the  high  acquisition 
cost  of  engines,  necessitates  strict  control  of  this  asset 
(19:p.l-l).  Control  infers  that  the  manager  is  aware  of 
both  the  number  of  spare  engines  available  and  the  average 
repair  cycle  time  for  any  unserviceable  ones.  The  flow  of 
an  engine  in  the  repair  pipeline  is  illustrated  in 
Figure  1.  After  removal  from  the  aircraft  the  engine  is 
either  sent  to  the  depot  or  is  repaired  at  the  base  level. 


BASE 


Flow  of  Aircraft  Engine  in  the  Repair  Pipeline  (19:p.7-2) 


This  control  of  engine  availability  is  essential  in 
any  logistics  planning  effort.  The  ability  to  accurately 
determine  present  engine  availability  and  to  forecast 
repair  cycle  time  directly  affects  the  accuracy  with  which 
contingency  plans  can  be  developed.  Figure  2  relates 
engine  demand  to  spare  engine  availability,  and  illustrates 
the  critical  need  to  be  able  to  predict  engine  availabil¬ 
ity. 

At  the  start  of  war,  demand  for  engines  will  jump 
instantaneously  from  peacetime  to  wartime  rate,  while 
mobilization  of  manpower  and  parts  needed  to  support 
increased  engine  removals  takes  time  [1:27]. 

Thus,  as  is  shown  in  Figure  2,  the  ability  to  wage  and  sus¬ 
tain  a  conflict  will  depend  on  the  resources  available  at 
the  onset  of  a  crisis  and  the  ability  to  move  rapidly  to 
a  wartime  work  level. 

In  order  to  forecast  engine  availability,  knowledge 
of  such  factors  as  the  operational  environment,  maintenance 
learning  curve,  and  repair  cycle  time  is  required.  For 
example,  without  an  accurate  forecast  of  the  repair  time 
it  is  extremely  difficult  to  estimate  whether  the  rate  of 
engine  repair  will  be  sufficient  to  match  wartime  demand. 

In  view  of  this  fact,  plus  the  belief  that  any 
future  conflict  will  be  intense  and  of  short  duration, 
the  Base  Repair  Cycle  becomes  the  focal  point  for  spare 
jet  engine  availabilty  and,  in  particular,  the  Base  Repair 
Cycle  for  the  TF-33  P7/7A  engine  used  on  MAC'S  C-141  A/B 


aircraft 


ENGINE 
DEMAND  RATE 
AND  INVENTORY 


WARTIME 
^-DEMAND  RATE 


PEACETIME 
DEMAND 
RATE  _  > 


PIPELINE 

'“'PRODUCTION 


RATE 


Purpose 

This  research  was  initiated  based  on  the  premise 
that  the  Base  Repair  Cycle  time  for  the  TF-33  P7/7A  engine 
is  a  major  factor  in  spare  engine  availability.  The  cur¬ 
rent  standard  used  to  measure  a  propulsion  branch's 
engine  repair  performance  was  established  by  the  Air  Force 
Logistics  Planning  Board  during  the  acquisition  phase  of 
the  TF-33  engine.  Unfortunately,  this  standard  is  inade¬ 
quate  because  it  assumes  a  smooth  work  flow  from  engine 
teardown,  to  repair,  and  finally  engine  buildup  (3) .  In 
fact,  repair  times  have  consistently  exceeded  their  esti¬ 
mates  due  to  manpower  shortages,  loss  of  highly  experienced 
mechanics,  parts  shortages,  and  the  amount  of  repair  equip¬ 
ment  available.  These  discrepancies  between  actual  repair 
time  and  the  standard  are  shown  in  Table  1.  The  compari¬ 
sons  in  Table  1  illustrate  that  no  accurate  estimate  exists 
for  the  Base  Repair  Cycle,  and  support  the  problem  state¬ 
ment  of  this  research. 

Problem  Statement 

No  decision-making  tool  exists  to  aid  the  manager 
in  his  efforts  to  reduce  the  Base  Repair  Cycle  time  and 
thereby  increase  the  level  of  spare  engines.  As  a  result, 
the  engine  manager  at  the  base  level  is  forced  to  make 
decisions  concerning  performance  based  on  incomplete  infor¬ 
mation  on  the  effects  of  certain  critical  factors  that 
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TABLE  1 

AVERAGE  BASE  REPAIR  CYCLE  TIME  FOR  THE  TF-33  P7/7A 
ENGINE  AT  MAC  BASES  (18:Part  1) 

AFM  400-1 


Base 

Jul- 
Sep  79 

Oct- 
Dec  79 

Jan- 
Mar  80 

Apr- 
Jun  80 

Jul- 
Sep  80 

Standard 
Repair  Time 

MzGuire 

51.9/40 

32.2/59 

67/39 

69/35 

69.3/68 

22  Days 

McChord 

39.4/18 

34.1/25 

48.4/22 

27.2/35 

36.5/37 

22  Days 

Charleston 

38.4/38 

40.5/47 

58.2/27 

62.3/19 

63.8/36 

22  Days 

Norton 

45.6/31 

36.1/53 

64.7/40 

59.8/46 

63.9/77 

22  Days 

Travis 

52.4/13 

34.2/19 

41.0/22 

64.4/15 

45.3/35 

22  Days 

Note:  Numbers  represent  the  average  days  to  repair/nunber  of 
engines  repaired. 

influence  repair  cycle  time.  This  research  identified 
these  critical  factors  to  be  parts  availability,  amount  of 
repair  equipment  available,  average  experience  level  of 
the  engine  mechanic,  and  the  number  of  qualified  mechanics 
available. 

Consequently,  the  purpose  of  this  research  was  to 
develop  a  decision  support  system  that  will  aid  the  mana¬ 
ger  in  estimating  the  Base  Repair  Cycle  Time  (RCT)  for  the 
TF-33  P7/7A  engine.  In  order  to  determine  if  such  a  deci¬ 
sion  tool  could  be  developed,  the  following  question  and 
research  hypotheses  were  posed. 


Research  Question 

Does  the  manager  have  a  need  for  a  decision-making 
tool  that  will  allow  him  to  choose  among  the  different 
critical  factor  levels  that  affect  repair  cycle  time, 
and  that  will  help  him  determine  the  best  mix  of  resource 
allocation  needed  to  reduce  the  repair  cycle  time  for  jet 
engines? 


Research  Hypotheses 

1.  The  standard  used  for  the  length  of  the  Base 
Repair  Cycle  for  the  TF-33  P7/7A  engine  significantly 
differs  from  the  actual  time  to  repair. 

2.  There  is  a  relationship  between  the  length  of 
the  Base  Repair  Cycle  for  the  TF-33  P7/7A  engine  and  the 
critical  factors  which  comprise  it. 

Objectives 

The  key  objectives  of  this  study  were: 

1.  To  develop  a  valid  estimate  for  the  length  of 
the  Base  Repair  Cycle  for  the  TF-33  P7/7A  engine. 

2.  To  develop  a  decision  support  system  which 
enables  the  engine  manager  to  assess  the  influence  on 
Repair  Cycle  Time  of  additional  funding  levels  in  specific 
factor  areas. 
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Plan  of  the  Report 


To  accomplish  these  objectives.  Chapter  II  will 
examine  the  existing  research  efforts  concerning  engine 
repair,  and  then  propose  an  alternate  model  for  the  engine 
Base  Repair  Cycle.  Chapter  III  introduces  the  experimental 
design  used  to  analyze  the  simulation  output.  Chapter  IV 
develops  the  Resource  Allocation  Decision  Matrix  that  is 
used  in  Chapter  V  to  provide  answers  required  by  a  hypo¬ 
thetical  congressional  request  soliciting  information  about 
the  impact  a  significant  change  in  resource  availability 
might  have  on  the  day-to-day  operations  of  a  typical  engine 
maintenance  facility.  Chapter  VI  presents  the  conclusions 
and  recommendations  of  this  research  effort. 


CHAPTER  II 


MODEL  DEVELOPMENT 

Introduction 

The  purpose  of  this  chapter  is  to  explain  the 
development  of  the  model  used  in  this  research.  First, 
we  explore  past  research  efforts  in  the  area  of  Jet  Engine 
Repair  Cycle  Time.  Next,  we  analyze  the  information  and 
assumptions  needed  to  build  our  structural  model.  With 
this  information,  we  then  justify  the  selection  of  the 
site  used  to  model  a  typical  Base  Repair  facility.  After 
explaining  the  method  employed  to  identify  the  critical 
factors  that  impact  Repair  Cycle  Time  (RCT) ,  the  data 
sources  used  to  develop  estimates  for  the  parametric  model 
are  discussed.  This  leads  to  an  analysis  of  the  factors 
that  were  used  in  building  the  structural  model.  Finally, 
we  present  the  model  built  to  simulate  the  Repair  Cycle 
process  at  a  TF-33  Jet  Engine  Repair  Branch. 

Past  Research 

Scarcity  of  resources,  manpower  shortages,  equip¬ 
ment  shortages,  as  well  as  the  rising  costs  and  complexity 
of  propulsion  systems  are  major  constraints  on  MAC'S 
ability  to  fulfill  its  operational  mission.  Because  of 
these  constraints,  many  planners  have  tried  to  identify 
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the  critical  factors  that  impact  the  Base  Jet  Engine 
Repair  Cycle.  We  analyzed  their  efforts  to  recognize  and 
propose  possible  solutions  to  this  growing  problem. 

One  of  the  first  reports  recognizing  this  need 
was  done  by  HQ  SAC  (3) .  This  report,  "A  Study  of  Spare 
Engine  Repair  Pipelines  and  Their  Impact  on  Mission  Capa¬ 
bility,"  pinpointed  the  engine  pipeline  delay  to  "inaccu¬ 
rate  prediction  of  repair  rates  for  spare  engines  [3:iii]." 
The  report  also  stated: 

The  most  significant  problem  appears  when  consider¬ 
ing  repair  segments.  Some  fas  reported  in  D024  pro¬ 
ducts)  are  requiring  two  to  three  times  allowed 
standards.  This  indicated  that  spare  engines  may  not 
be  adequate  to  meet  flying  requirements,  since  standard 
pipelines  (vs.  reported)  are  used  in  calculating  engine 
requirements  [3:ii]. 

The  emphasis  of  this  study  was  on  the  effect  exces¬ 
sive  repair  times  had  on  SAC's  ability  to  surge  in  wartime. 
The  report's  conclusion  was  that  repair  times  far  exceeded 
the  standard  in  peacetime,  but  would  closely  approximate 
it  in  a  wartime  situation.  This  is  based  on  the  use  of 
unlimited  numbers  of  persons  working  overtime  and  the 
expedient  delivery  of  needed  parts  (2). 

Another  study  which  recognized  the  difficulty  in 
estimating  Repair  Cycle  Times  for  engines  was  done  by 
Captain  Ted  C.  Kehls  entitled  "An  Analysis  of  Factors 
Influencing  Spare  Engine  Management”  (8) .  This  research 
was  mainly  an  overview  of  the  problem  areas  which  required 
attention  in  order  to  achieve  more  efficient  resource  use. 
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Two  observations  that  were  made  are  particularly  relevant 
to  this  present  research  effort.  First,  the  discrepancy 
in  pipeline  times  across  commands  repairing  the  same 
engine  reflects  the  unrealistic  standard  set  for  repair 
times  (8:66).  Second,  the  study  emphasized  that  if  a 
standard  for  engine  repair  time  is  to  be  established,  then 
the  minimum  resources  (manpower,  equipment,  parts,  and 
training  requirements)  to  perform  up  to  that  standard  must 
be  known.  Both  points  reinforce  the  need  to  understand 
those  critical  factors  that  impact  the  base  level  Jet 
Engine  Repair  Cycle  time.  Again,  this  study  presented  an 
in-depth  analysis  of  the  problem,  but  stopped  short  of 
offering  a  solution. 

The  General  Electric  Corporation  performed  an 
analysis  of  the  GE-12  15005  HP  helicopter  engine  logistics 
support  structure  in  1973  in  order  to  develop  a  logistics 
support  model.  This  study,  Reliability,  Maintainability, 
and  Logistics  Analysis  (17) ,  researched  reliability  charac¬ 
teristics  and  maintainability  factors  of  that  engine  in 
order  to  optimize  the  "entities"  in  the  repair  cycle. 

These  "entities"  are  the  number  of  aircraft  assigned,  the 
number  of  engines  assigned,  the  engine  components  to  be 
replaced,  the  maintenance  actions  required,  the  skill 
level  and  number  of  personnel  required,  and  the  equipment 
needed  to  perform  the  maintenance  (17:47).  The  results  of 
this  study  included  a  determination  of  the  number  of  spare 


13 


engines  needed  to  support  a  given  level  of  helicopter  opera¬ 
tion.  The  computer  model  used  could  be  altered  to  analyze 
the  TF33  P7/7A  engine,  but  the  amount  of  data  required  on 
a  large  number  of  maintenance  tasks  precluded  its  use  in 
this  research. 

AFLC  has  recently  contracted  with  a  research  firm 
in  order  to  improve  engine  pipeline  analysis  techniques. 
System  Control,  Inc.'s  proposal  Techniques  for  the  Enhance¬ 
ment  of  Engine  Pipeline  Standards  (1) ,  states  that  the  team 
of  experts  will  concentrate  on  an  effort  to  specify  realis¬ 
tic,  accurate  pipeline  standards  (1:19).  The  focus  of 
this  contract,  which  will  be  completed  in  1981,  will  be  on 
the  Depot  Overhaul  Cycle  in  particular,  and  on  the  ability 
of  the  engine  repair  facility  in  general,  to  surge  during 
the  initial  phase  of  a  conflict  (1:27).  The  approach  that 
the  firm  will  take  is  to  consider  "measurement  factors"  in 
order  to  develop  "pipeline  standards"  as  fundamental  ele¬ 
ments  of  the  engine  pipeline  (1:45) .  The  term  "measurement 
factor"  is  synonymous  with  the  term  "critical  factor" 
used  by  this  research  team.  Pipeline  standards  will 
encompass  total  times  for  repair,  shipment,  handling  and 
removal/ installation  of  the  engine.  While  the  focus  of 
System  Control's  study,  which  concentrates  on  Depot  Level 
maintenance,  is  different  than  that  taken  by  this  research 
effort,  its  findings  may  be  useful  in  future  research 
studies  of  the  Base  Repair  Cycle. 


Based  on  the  results  of  this  literature  search. 


the  authors  concluded  that  no  study  exists  which  fully  con¬ 
siders  all  of  the  critical  factors  that  impact  the  base 
level  jet  engine  repair  process. 

Preliminary  Analysis 

The  premise  of  this  research  was  that  the  Base 
Repair  Cycle  Time  for  the  TF33  P7/7A  engine  is  a  major  fac¬ 
tor  in  spare  engine  availability.  Failure  to  maintain  a 
rapid  repair  capability  has  a  direct  impact  on  our  combat 
readiness. 

Data  supplied  by  MAC  Propulsion  Branches  indicate 
that  the  time  to  repair  an  engine  at  the  base  level  is 
almost  three  times  longer  than  the  Air  Force  standard 
repair  time  of  22  days  set  forth  in  AFM  400-1.  Statistical 
hypothesis  1  was  developed  to  test  whether  the  difference 
between  the  standard  time  and  the  actual  time  is  statis¬ 
tically  significant. 

Statistical  Hypothesis  1 

Hq:  The  mean  Base  Repair  Cycle  Time  for  the 
u  TF33  P7/7A  engine  does  not  significantly 
differ  from  the  AFM  400-1  standard. 

H.:  The  mean  Base  Repair  Cycle  Time  is  signifi- 
1  cantly  higher . 


The  results  of  the  test  support  the  alternate 
hypothesis.  Thus,  it  is  concluded  that  the  actual  time  to 
repair  an  engine  at  the  base  level  is  significantly  longer 


than  the  AFM  400-i  standard.  (The  actual  test  is  included 
in  Appendix  A.)  These  results  provide  statistical  support 
for  this  study. 

Data  Sources 

The  data  used  in  this  study  were  obtained  from 
several  sources.  Historical  data  on  Base  Repair  Cycle  for 
all  MAC  Propulsion  Branches  is  maintained  at  AFLC  Head¬ 
quarters  in  the  DO 24  data  system.  Specific  information 
concerning  the  repair  function  at  McGuire  was  obtained 
through  telephone  interviews  with  the  Propulsion  Branch 
foreman . 


Test  Site  Validation 

McGuire  AFB,  New  Jersey  was  the  site  selected  for 
studying  and  modeling  the  Base  Repair  Cycle.  It  was  chosen 
because  of  its  role  as  Queen  Bee1  for  the  European  theater, 
and  because  it  is  representative  of  all  other  MAC  TF-33 
Propulsion  Branches. 

McGuire's  Propulsion  Branch  is  responsible  for 
engine  repair  on  fifty-eight  assigned  C141  A/Bs.  Conse¬ 
quently,  the  importance  of  McGuire's  Propulsion  Branch 


1McGuire  is  designated  as  the  central  intermediate 
maintenance  activity  for  all  TF-33  P7/7A  engine  repair  in 
the  European  theater  of  operation.  It  is  tasked  to  assist 
in  any  repair  effort  on  C-141s  that  experience  engine 
problems  throughout  Europe.  If  the  engine  must  be  removed 
it  is  sent  to  McGuire  to  be  repaired,  and  a  replacement 
engine  is  sent  by  McGuire. 
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in  many  European  efforts,  made  it  a  logical  choice  as  a 
test  site  for  use  in  this  thesis. 

Although  AFM  66-1  requires  that  similar  shop 
functions  be  present  in  all  propulsion  branches,  subtle 
differences  between  branches  can  exist  due  to  varying 
experience  levels,  flying  commitments,  failure  rates, 
and/or  management  policies.  In  order  to  compare  all  pro¬ 
pulsion  branches  in  MAC,  mean  repair  time  was  chosen  as  the 
performance  indicator  that  would  provide  the  most  con¬ 
sistent  measure  of  output.  A  statistical  test  was  then 
conducted  to  test  equality  of  the  mean  repair  times. 

Statistical  Hypothesis  2 

Hq:  The  engine  repair  process  at  McGuire  is  repre¬ 
sentative  of  all  MAC  Propulsion  Branches. 

H.  j  A  significant  difference  exists  between 
A  McGuire  and  any  one  of  the  other  MAC  Propul¬ 
sion  Branches. 

The  results  of  the  difference  of  means  test  (shown 
in  Appendix  A)  supports  the  null  hypothesis  that  McGuire's 
Propulsion  Branch  is  representative  of  other  MAC  Propul¬ 
sion  Branches.  This  conclusion  lent  statistical  support 
to  the  selection  of  McGuire  as  a  test  site  and  set  the 
stage  for  the  investigation  of  some  of  the  factors  that 
influence  the  operation  of  a  MAC  Propulsion  Branch. 
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Critical  Factor  Identification 

When  an  engine  enters  the  Propulsion  Branch, 

usually  the  first  thing  that  is  done  is  to  send  it  to  the 
2 

test  cell  in  order  to  completely  diagnose  the  malfunction. 
Then  a  determination  is  made  whether  to  immediately  work 
on  the  engine  or  to  place  it  in  a  temporary  awaiting  main¬ 
tenance  (AWM)  status.  The  AWM  status  is  necessary  when 
there  is  insufficient  men  or  engine  stands  available  to 
begin  work;  if  the  malfunction  is  extensive  and  will 
requirement  a  long  repair  period;  or  if  parts  are  not  avail 
able  for  the  repair.  Once  work  begins  and  the  engine  is 
torn  down,  the  repair  team  will  either  completely  repair 
the  malfunction  without  any  delays,  stop  to  wait  for 
delivery  of  needed  parts,  or  stop  work  and  put  the  engine 
into  AWM  status  because  the  problem  is  more  extensive  than 
first  diagnosed  and  major  parts  ordering  is  required. 

Once  parts  are  obtained  (which  ranges  from  one  to  four  man 
days)  the  work  resumes  on  the  engine.  (The  repair  cycle 
is  shown  later  in  Figure  4.) 

The  length  of  time  to  complete  the  repair  of  the 
TF33  engine  depends  on  the  experience  level  of  the  team 
of  mechanics  performing  the  task.  For  instance,  one  point 
in  the  repair  process  where  experience  becomes  a  crucial 

2 

The  test  cell  is  a  separate  facility  colocated 
with  the  Propulsion  Branch  which  has  the  capability  to 
operate  an  engine  off  the  wing  of  an  aircraft. 
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factor,  is  the  percent  of  engines  which  pass  the  main¬ 
tenance  test  cell  run  on  the  first  attempt.  Consequently, 
when  deciding  what  significantly  impacts  the  Base  Repair 
Cycle  Time,  consideration  must  be  given  to  those  variables 
which  affect  the  repair  of  an  engine  as  it  moves  through 
the  various  phases  of  work.  The  authors  selected  four 
variables  as  the  critical  factors  affecting  repair  time. 
They  are:  parts  availability,  equipment  availability,  crew 
availability,  and  average  experience  level. 

Parts  availability,  defined  as  the  average  per¬ 
centage  of  the  time  that  the  base  supply  system  had  a  part 
requested,  was  nominated  as  a  critical  factor  because  a 
lack  of  parts  can  delay  an  engine  from  proceeding  directly 
into  repair.  Equipment  availability,  defined  as  the  number 
of  hardstands  (engine  work  stands)  available  and  opera¬ 
tional  at  any  one  time,  was  selected  as  the  second  criti¬ 
cal  factor  because  a  shortage  of  hardstands  can  limit  the 
number  of  engines  that  can  be  placed  in  work  and  thus 
directly  increase  the  Base  Repair  Cycle  Time  for  an  engine. 
Crew  availability,  defined  as  the  number  of  teams  of 
mechanics  available  for  duty  on  any  given  day,  can,  like 
equipment  availability,  increase  the  repair  time  when  it 
limits  the  number  of  engines  that  can  be  worked  on. 
Experience  level,  the  fourth  critical  factor,  defined  as 
the  average  number  of  years  experience  of  Propulsion  Branch 
personnel,  was  selected  because  the  experience  level  of  a 
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repair  team  has  a  significant  impact  on  the  time  it  takes 
to  repair  an  engine. 


In  order  to  model  the  Base  Repair  Cycle,  a  few 
basic  assumptions  about  the  critical  factors  used  in  this 
research  had  to  be  made. 

Critical  Factor  Analysis 
One  of  the  assumptions  that  must  be  made  when 
selecting  parts  availability  as  a  factor  in  the  model  con¬ 
cerns  the  adequacy  of  the  indicator  used  to  measure  the 
level  of  parts  availability.  Several  indicators  exist  at 
the  base  level  which  show  the  status  of  supply  support,  but 
the  device  needed  for  this  research  was  one  which  gave  a 
direct  reflection  of  the  impact  of  parts  availability  on 
repair  time.  The  average  percentage  of  time  that  the  part 
was  available  from  base  supply  within  twenty-four  hours 
requested  was  chosen  because  of  its  ability  to  demonstrate 
the  impact  of  parts  availability  on  engine  repair  time. 

The  second  assumption  that  must  be  made  concerns 
the  relationship  between  repair  time  and  the  average 
experience  level  in  the  branch.  This  is  the  most  diffi¬ 
cult  indicator  to  accurately  quantify  because  the  exact 
relationship  between  repair  time  and  experience  level  is 
not  known  (4) .  For  instance,  is  the  relationship  linear, 
exponential,  or  a  combination?  Research  in  this  area  is 
sparse,  and  several  experts  have  contrasting  opinions. 


One  expert's  suggestion  was  to  assume  that  the 
relationship  is  linear  up  to  the  time  that  the  mechanic 
becomes  a  fully  qualified  five,  seven,  or  nine  level. 

This  relationship  is  shown  in  Figure  3a.  Figure  3b. 
relates  the  number  of  tasks  learned  to  the  skill  level  of 
the  mechanic,  and  suggests  that  a  mechanic  learns  a  certain 
number  of  tasks  until  he  is  qualified  at  that  skill  level 
and  then  his  performance  remains  constant.  As  he  begins 
to  progress  towards  his  next  skill  level,  the  number  of 
tasks  learned  again  increases.  This  concept,  however, 
ignores  the  problem  of  turnover  rates  in  the  engine 
mechanic  field  and  in  the  military  in  general.  If  the 
mechanic  changes  duty  stations,  it  is  highly  likely  that 
the  type  of  engine  he  repairs  will  change  also. 
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a.  Skill  Level  b.  Skill  Level 


Fig.  3.  Performance  Versus  Skill  Level  of 
Engine  Mechanics 

Another  expert's  opinion  was  to  use  a  linear  rela¬ 
tionship  in  the  absence  of  any  other  method  (4) .  This  sug¬ 
gestion  was  based  on  his  extensive  knowledge  in  the  area 


of  modeling.  Because  of  a  lack  of  consensus,  this 
research  team  felt  that  no  conclusion  could  be  made  con* 
cerning  the  relationship  between  skill  level  and  repair 
time. 

This  fact,  together  with  the  realization  that  the 
average  experience  level  in  a  branch  cannot  be  signifi¬ 
cantly  changed  in  the  short  term,  led  the  authors  to 
develop  an  average  experience  level  condition  within  the 
model.  This  condition  was  then  held  constant  for  all 
simulations. 

Another  modification  of  the  critical  factors  was 
necessary  due  to  the  interaction  discovered  during  the 
simulation  runs.  The  one-for-one  combination  of  crews 
and  workstands  during  engine  repair  made  it  apparent  that 
a  change  in  one  was  meaningless  without  a  concurrent 
change  in  the  other.  Therefore,  the  number  of  crews  and 
workstands  were  considered  as  a  single  critical  factor  for 
the  purpose  of  model  development,  and  will  hereafter  be 
referred  to  as  "repair  teams." 

Model  Development 

The  Q-GERT  (Queueing-Graphical  Evaluation  Review 
Technique)  modeling  language  was  selected  to  model  the 
repair  process  because  of  the  power  that  is  derived  from 
its  flexibility  and  ease  of  manipulation. 
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The  Q-GERT  model  traces  a  transaction  through  the 
sequenced  activities  that  it  must  undergo  to  be  repaired. 
Statistics  can  be  collected  at  certain  nodes  concerning 
cycle  time  of  each  activity  and  the  number  of  transactions 
that  have  passed  through  the  node.  A  brief  description  of 
the  Q-GERT  elements  is  presented  and  then  the  network  model 
for  the  Base  Repair  Cycle  is  illustrated  and  discussed. ^ 


Q-Node 


I  -  initial  #  of  transactions  in  the  queue 
M  -  maximum  #  allowed  in  the  queue 
R  -  ranking  procedure  for  ordering  in  the 
queue 
#  -  node  # 

Function  -  nodes  at  which  transactions  wait 
for  service  activities 


Node 


Rf  -  #  of  incoming  transactions  required  to 
release  the  node 

Rg  -  subsequent  #  required  to  release  node 
C  -  criterion  for  holding  attribute  set 
at  node 

S  -  statistics  collections  type 

$-  deterministic  branching 
-  probabilistic  branching 
Function  -  marks  the  arrival  and  departure 
of  transactions  as  well  as  the  start  and 
stop  of  activities 


P  -  probability  of  taking  that  activity 
branch 

D  -  distribution  or  function  type 
(P) (D,PS)  f  PS  -  parameter  set  # 

#  N  N  -  #  of  parallel  servers 

#  -  activity  # 

Function  -  an  operation/ service  performed 
on  a  transaction  that  could  delay  its 
progress  through  the  network 


All  descriptions  and  definitions  of  Q-GERT  terms 
were  drawn  from  Modeling  and  Analysis  Using  Q-GERT  Net- 
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ALLOCATE 

NODE 


QSR 


RES 


U 


QSR  -  queue  selection  rule 
RES  -  resource  type  number 

U  -  number  of  units  to  be  allocated 
#  -  node  number 

Function  -  assigns  available  resources 
to  transactions 


FREE  NODE 


RES 


•ALLOC  NODES 


RES  -  resource  type  number  to  be  freed 
U  -  number  of  units  to  be  freed 
#  -  node  number 

ALLOC  -  list  of  allocate  node  numbers  to  send 
freed  resources  back  to 
Function  -  allows  resources  to  be  made 
available  to  other  transactions 


Structural  Model  of  the  Repair  Process 
Figures  4  and  5  illustrate  the  structural  model 
of  the  Base  Repair  Cycle.  Node  one  in  Figure  5  represents 
the  start  of  the  engine's  flow  through  the  branch.  Two 
branches  emanate  from  node  one,  the  first  representing  the 
arrival  rate  of  engines  into  the  shop  (activity  one) , 
and  the  second  which  shows  the  movement  of  the  engine  to 
an  awaiting  test  cell  run  area  (Q-node  2) .  At  this  point, 
the  engine  either  waits  for  the  test  cell  to  become  free, 

4 

or  it  moves  directly  into  the  cell  and  is  run  (activity  3). 
After  the  engine  is  run,  a  decision  must  be  made  whether 
to  place  the  engine  into  awaiting  maintenance  status 
(AWM) ,  or  to  allow  it  to  proceed  directly  to  the  teardown 

4 

The  test  cell  run  consists  of  operating  an  engine 
through  the  different  conditions  simulating  the  "on  the 
wing"  environment  in  order  to  isolate  the  problem. 
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REPAIRED 


phase.  This  decision  is  based  on  the  extent  of  the  repair 
required  and  whether  or  not  the  parts  are  available.  The 
requirement  for  a  decision  is  represented  in  the  model  by 
a  probabilistic  branch  after  node  three.  If  the  decision 
is  made  to  place  the  engine  into  AWM  status  then  activity 
four  is  taken  to  node  four.  Activity  sixty-six,  from  node 
four  to  node  five  represents  the  actual  time  that  the 
engine  is  in  AWM  status.  After  that  time  has  elapsed,  the 
engine  arrives  at  node  five.  However,  if  the  decision  made 
was  to  place  the  engine  directly  into  work,  activity  five 
is  selected,  and  the  eng ' ne  moves  immediately  to  Q-node 
five.  The  probabilistic  nature  of  the  decision  at  node 
three  is  handled  by  an  input  to  the  model  which  dictates 
the  percentage  of  engines  which  will  follow  that  branch. 
Node  five  represents  engines  that  are  ready  to  be  worked 
on,  but  must  wait  until  resources  are  allocated  to  them. 

The  resources,  workstands  and  teams  of  mechanics  are 
allocated  through  nodes  six  and  eight.  An  engine  waits 
at  node  five  for  a  workstand  to  become  idle  and  then  the 
resource  allocation  node  (node  six)  assigns  the  stand  to 
an  engine  based  on  the  priority  rule  given  the  allocate 
node.  For  example,  if  the  random  priority  rule  was 
assigned  to  node  six,  then  when  a  stand  became  free  it 
would  be  assigned  randomly  to  any  engine  waiting  in  node 
five.  The  random  priority  rule  was  used  because  it  gives 
no  consideration  as  to  the  length  of  time  an  engine  has 
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been  waiting,  the  nature  of  the  malfunction,  or  any  other 
attributes.  This  priority  rule  was  chosen  because  it  best 
models  the  actual  decision  process  that  the  manager  uses. 
For  example,  if  the  number  of  spare  engines  is  at  or 
below  the  minimum  readiness  level  then  the  manager  will 
choose  to  repair  engines  that  can  be  repaired  quickly  and 
be  added  to  the  spare  engine  line.  On  the  other  hand,  if 
the  branch  has  sufficient  spare  engines  to  meet  any  contin¬ 
gency,  the  manager  will  most  likely  start  work  on  engines 
that  have  major  damage  or  will  require  a  lot  of  mainte¬ 
nance  to  repair.  After  a  workstand  is  assigned,  the 
engine  enters  Q-node  seven,  where  it  goes  through  a  similar 
process  as  it  awaits  assignment  of  a  team  of  mechanics. 

When  the  engine  has  been  assigned  both  a  team  of 
mechanics  and  a  workstand,  it  then  moves  to  node  nine, 
which  represents  the  start  of  the  engine  teardown  phase 
(activity  six) .  Node  ten  marks  the  end  of  the  teardown 
and  the  start  of  the  repair  phase.  A  three-way  probabilis¬ 
tic  branching  occurs  here  that  signifies  that  engine 
repair  can  follow  three  distinct  patterns.  First,  repair 
of  the  engine  could  proceed  smoothly,  with  all  the  parts 
available,  and  no  further  damage  discovered  than  was 
diagnosed  during  the  test  cell  run.  This  path  is  repre¬ 
sented  by  activity  twelve.  Second,  the  repair  could  pro¬ 
ceed  smoothly,  but  experience  minor  delays  while  the  team 
awaits  additional  parts  from  base  supply  (activity 
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thirteen) .  Third,  the  repair  could  proceed  up  to  a  point 
and  then  must  be  halted  due  to  extensive  parts  ordering 
or  because  the  extent  of  the  damage  to  the  engine  was  much 
greater  than  first  diagnosed.  This  situation,  shown  by 
activity  seven,  dictates  that  the  engine  be  placed  in  AWM 
status  so  that  the  resources  (workstands  and  teams)  are 
not  tied  up  for  months  with  an  idle  engine.  Free  nodes 
eleven  and  twelve  represent  the  engine  being  taken  off  the 
workstand  and  the  stand  and  team  being  freed  for  another 
awaiting  engine  (node  five) .  Node  thirteen  signifies  the 
beginning  of  the  AWM  time  for  the  engine;  while  activity 
ten  is  the  actual  waiting  time  which  could  range  up  to 
several  months.  Once  the  part  arrives  or  the  determina¬ 
tion  is  made  to  resume  work,  it  moves  to  Q-node  fourteen. 
This  node,  as  well  as  Q-node  fifteen,  are  equivalent  to 
Q-nodes  five  and  seven.  The  engine  once  again  must  vie 
for  a  workstand  and  team.  Node  twenty-five  signals  the 
start  of  the  repair  process  for  the  engine  now  that  it  is 
ready  once  again  to  be  worked  on.  Activity  eleven  repre¬ 
sents  this  repair  time  which  is  set  equal  to  activity 
twelve,  a  smooth  repair  with  no  additional  delay.  Once 
the  engine  has  been  repaired,  it  is  ready  to  be  reassem¬ 
bled.  Node  sixteen  initiates  the  reassembly  phase,  and 
the  activity  label  is  number  fourteen.  After  reassembly, 
the  engine  is  required  once  again  to  be  run  in  the  test 
call  in  order  to  check  the  quality  of  the  repaired  engine 
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(activity  fifteen).  A  probabilistic  branching  after' the 
test  cell  run  demonstrates  the  two  possible  outcomes  of 
the  run— success  or  failure.  Activity  sixteen  is  taken  if 
the  engine  fails  the  test  cell  run.  More  repair  must  be 
accomplished  on  the  engine  before  it  can  be  rerun.  If  the 
engine  successfully  passes  the  test  cell,  then  it  proceeds 
into  the  final  phase  of  work  activity  (activity  seventeen) . 
In  this  phase  cosmetic  and  preventative  maintenance  are 
performed  on  the  engine.  Finally,  nodes  nineteen  and 
twenty  represent  the  freeing  of  the  workstands  and  teams 
of  mechanics  as  the  engine  becomes  a  serviceable  spare. 

Parametric  Model 

Figure  4  illustrated  the  structural  model  of  the 
repair  process  at  McGuire  AFB.  This  is  how  an  engine 
actually  flows  through  the  Base  Repair  Cycle  and  the 
numerous  decision  points  associated  with  its  repair. 
Information  on  the  repair  process  at  McGuire  was  acquired 
through  research  of  existing  data,  interviews  with  the 
branch  level  managers  and  through  personal  experience. 

This  aided  in  the  quantification  of  the  steps  in  the 
repair  process.  Thus  the  parametric  model  includes  the 
parameters  of  the  various  activities  and  the  percentage 
splits  at  the  probabilistic  branches.  Table  2  lists  the 
critical  factors,  shows  their  quantification,  and  trans¬ 
formation  into  model  inputs.  Without  going  step  by  step 
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through  the  model,  some  of  its  unique  features  will  be 
illustrated. 

The  time  required  to  perform  an  activity  (i.e., 
teardown,  test  cell  run,  etc.),  is  either  represented  by 
a  constant  or  by  a  distribution.  The  two  main  distribu¬ 
tions  used  in  this  model  are  the  Normal  distribution  and 
the  Beta  Pert  distribution.  The  Normal  distribution  was 
used  to  represent  the  test  cell  activity  and  the  teardown 
activity,  since  research  showed  that  the  time  to  perform 
these  functions  was  symmetrically  distributed  about  their 
mean  values.  The  repair,  AWM  time,  and  reassembly  were 
represented  best  by  the  use  of  the  Beta  Pert  distribution. 
This  distribution  recognizes  the  fact  that  most  values 
cluster  close  to  the  node,  but  a  few  values  are  skewed  so 
far  right  that  the  mean  time  is  larger  than  expected. 

Figure  6  is  a  graph  of  the  Base  Repair  Cycle  time  for  a 
sample  of  thirty  engines  and  clearly  illustrates  the 
appropriateness  of  the  Beta  Pert  distribution. 

The  branchings  at  node  ten  are  unique  to  this 
engine  repair  process.  The  three-way  split  after  this  node 
illustrates  the  three  different  repair  situations  that  can 
occur.  Forty  percent  of  the  engines  entering  the  repair 
process  have  maintenance  performed  with  no  delays  encoun¬ 
tered  (activity  twelve) .  Thirty  percent  experience  minor 
delays  of  less  than  one  day  while  awaiting  parts  from  base 
supply.  Another  thirty  percent  incur  extensive  waiting 
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Base  Repair  Cycle  Time 

Pig.  6.  Illustration  of  Beta  Pert  Distribution 
for  Total  Repair  Time 


time  because  a  problem  is  found  to  be  more  extensive  or 
the  time  for  estimated  parts  delivery  is  excessive. 
Figure  7,  a  subset  of  the  Q-GERT  model,  is  included  to 
illustrate  this  split. 


Pig.  7.  Three-Way  Probabilistic  Branch 
Performance  Measures 

While  Q-GERT  provides  extensive  output  information 
for  each  run,  the  essential  piece  of  information  for  the 
analysis  and  prediction  portion  of  this  research  was  time 


recorded  at  node  twenty-one,  the  mean  engine  repair  time. 
This  time  represents  the  mean  Repair  Cycle  Time  obtained 
for  a  sample  of  400  engines  that  moved  through  all  phases 
of  the  repair  process  during  one  simulation  run.  An  inde¬ 
pendent  set  of  ten  such  times  constituted  a  sample  for  a 
particular  treatment  required  by  the  methodology  of  the 
experimental  design  used  in  the  research  effort. 

Other  output  from  the  model  was  used  for  model 
verification  and  validation  and  will  be  discussed  in  the 
following  sections. 

Achieving  Steady  State 

In  order  to  validate  the  significance  of  the  model 
results,  the  model  must  be  operating  at  steady  state  when 
the  analysis  is  performed.  Shannon  defines  steady  state 
as  "a  condition  of  regularity  or  stability  in  which 
opposing  forces  or  influences  are  balanced  [16:183]."  The 
conditions  to  be  balanced  in  this  case  are  system  under¬ 
load  versus  system  overload.  The  number  of  engines  per 
run  simulation  must  be  large  enough  for  the  model  to  repre¬ 
sent  a  typical  state  of  the  propulsion,  branch  at  any  given 
time.  System  overload  occurs  when  the  number  of  engines 
arriving  at  any  one  time  exceeds  the  number  that  can  be 
repaired.  Mr.  Jess  Ingram,  an  Air  Force  auditor  working 
with  the  engine  managers  at  Tinker  AFB,  told  us  that  the 
trend  in  TF-33  engine  repair  is  towards  system  overload  (7) . 
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The  purpose  of  running  the  model  with  varying 
numbers  of  engines  was  to  identify  the  region  in  which  the 
base  repair  facility  operated  at  steady  state.  If  capa¬ 
bilities  of  the  branch  are  not  fully  utilized,  the  average 
repair  time  is  lower  than  would  normally  be  expected  dur¬ 
ing  everyday  operation.  This  would  be  due  to  the  slack 
resources  on  hand  and  the  absence  of  any  appreciable  back¬ 
log  of  engines. 

After  the  point  where  300  engines  passed  through 
the  branch,  the  curve  began  to  flatten  out.  This  was  inter 
preted  as  the  point  at  which  all  resources  available  were 
in  use,  and  when  any  increase  in  the  number  of  engines  into 
the  system  would  not  affect  Base  Repair  Cycle  Time.  This 
situation  encompassed  the  interval  from  325  engines  to  500 
engines  per  simulation.  Based  on  this  data,  steady  state 
for  the  model  was  defined  as  the  point  when  400  engines 
were  processed  through  -he  branch.  Achieving  steady  state 
is  crucial  because  it  ensures  that  any  analysis  of  the 
output  is  based  on  a  stable  system. 

As  the  number  of  engines  increased  beyond  500,  the 
curve  took  a  sharp  upward  turn.  This  condition  represents 
system  overload,  and  any  analysis  of  output  from  this 
region  would  not  have  been  relevant  to  this  study.  Once 
we  knew  that  the  output  could  be  analyzed  in  a  stable 
region,  the  next  step  was  to  validate  and  verify  the 
actual  model  itself. 


Model  Verification  and  Validation 

Verification  was  achieved  through  comparison  of  the 
output  quantities  with  the  parameters  of  the  model .  Two 
key  indicators  were  examined  to  verify  the  model:  proba¬ 
bilistic  branching,  and  histograms  for  selected  nodes.  At 
node  three  a  probabilistic  branch  occurs  with  an  .80/. 20 
split  designed  in  to  represent  the  AWM/work  decision. 
Examination  of  the  Q-GERT  output  at  400  engines  per  simula¬ 
tion  shows  that  the  actual  split  is  80.04/19.96.  A  three- 
way  split  was  designed  into  the  model  after  node  ten  with 
a  30/30/40  split.  The  actual  proportions  were  28/29/43. 
Consequently,  this  indicator  of  model  performance  confirmed 
that  the  model  was  actually  functioning  as  designed. 

The  second  step  in  the  verification  process  was  to 
ensure  that  the  distributions  designed  into  the  model  were 
evident  in  the  output.  Figure  9  illustrates  the  histogram 
for  the  repair  activity,  beginning  at  node  ten.  Inspection 
of  this  histogram  shows  that  the  distribution  of  the  out¬ 
put  follows  the  Beta  Pert  Distribution  which  was  input  for 
that  activity. 

Interviews  were  conducted  with  field  level  engine 
supervisors  to  establish  the  credibility  of  the  model  devel¬ 
oped  from  a  user's  point  of  view.  Engine  managers  at 
McGuire  AFB,  AFLC  Headquarters,  and  the  TF-33  depot  at 
Tinker  AFB,  agreed  with  both  the  structural  and  parametric 
model.  The  flow  of  the  engine  through  the  different  phases 
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Fig.  9.  Repair  Tine  Histogram  (Node  10) 


of  repair,  and  specifically  the  branching  and  queueing 
points,  were  all  confirmed  by  these  experts.  The  managers 
at  McGuire  were  also  consulted  on  the  parametric  model. 
Their  advice  and  experience  was  used  in  the  quantification 
of  the  critical  factors  and  identifying  most  likely  dis¬ 
tributions.  These  same  managers  confirmed  that  the  output 
from  the  steady  state  model  was  an  accurate  representation 
of  the  actual  process.  The  changes  to  the  Average  Base 
Repair  Cycle  time  were  achieved  by  varying  the  levels  of 
the  critical  factors,  and  again  field  level  experts  with 
the  outputs  from  these  runs  to  the  point  where  they  felt 
that  the  output  was  a  logical  conclusion  for  those  inputs. 


Statistical  Hypothesis  3 

Hq :  The  mean  Base  Repair  Cycle  time  for  the  model 
does  not  significantly  differ  from  the  actual 
repair  time  at  McGuire. 

Hj.:  The  mean  repair  time  differs  significantly 
from  the  actual  repair  time  at  McGuire. 

There  was  insufficient  evidence  to  conclude  that 
the  model's  results  were  statistically  different  from  the 
actual  repair  time  at  McGuire  AFB .  The  significance  of 
this  test  and  the  confirmation  from  several  different 
experts  verifies  that  the  model  is  an  accurate  representa¬ 
tion  and  validates  the  model  results.  Based  on  these  find 
ings,  sensitivity  analysis  and  prediction  are  justified. 


The  next  chapter  will  develop  the  experimental 
design  used  to  perform  the  sensitivity  analysis  on  the 
critical  factors. 


CHAPTER  III 

EXPERIMENTAL  DESIGN  METHODOLOGY 

Introduction 

The  purpose  of  this  chapter  is  to  develop  a 
methodology  which  will  be  used  to  investigate  how  changes 
in  critical  factor  levels  impact  Repair  Cycle  Time  (RCT) . 
First,  the  Analysis  of  Variance  (ANOVA)  model  that  was 
used  to  assess  the  effects  of  these  factors  is  identified. 
Next,  the  key  assumptions  and  specific  tests  of  the  model 
are  introduced.  Finally,  the  rationale  for  sample  size 
selection  and  the  procedures  for  generating  the  data 
required  to  assess  the  effect  of  various  levels  of 
resources  on  RCT  are  discussed. 

ANOVA  Model  Identification 

A  two-factor,  fixed  effects,  completely  randomized 
model  was  selected  as  the  most  appropriate  statistical 
model  to  use  in  order  to  assess  the  effect  of  various 
levels  of  parts  availability  and  repair-team  factors. ^ 

These  factors  are  considered  as  the  independent  variables 

5Fixed  Effects — a  fixed  effects  model  is  one  in 
which  the  factor  levels  are  predetermined  by  the  researcher. 

Complete  Factorial  Study — a  study  in  which  all  pos¬ 
sible  combinations  of  the  different  factor  levels  were 
included  (11 j 551). 
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in  the  analysis  and  are  hypothesized  to  have  a  significant 
effect  on  Repair  Cycle  Time.  Table  3  quantifies  these 
factor  levels. 


TABLE  3 

FACTOR  LEVEL  QUANTIFICATION 


Average 


Best 


Worst 


Parts 

Availability  70%<Pa<90%  Pa>90%  Pa£70% 


Repair  5<Crews<ll  Crews>ll  Crews£5 

Teams  5<Stands<12  Stands  >^12  Stands<5 


To  determine  what  effect  an  average,  worst  and 
best  level  combination  of  these  two  factors  would  have  on 
the  repair  process,  we  chose  Repair  Cycle  Time  as  the  most 
appropriate  measure  of  performance;  and  hence,  as  the 
dependent  variable  for  this  analysis  of  variance. 

Because  the  investigation  focuses  on  two  factors 
simultaneously,  the  ANOVA  model  becomes  a  multifactor 
investigation.  In  such  a  study,  a  treatment  corresponds 
to  some  combination  of  factor  levels.  Since  each  factor 
in  this  analysis  has  three  levels  (average,  best  and  worst) , 
there  are  nine  treatments.  Figure  10  illustrates  the  fac¬ 
tor  level  combinations  that  produce  these  nine  treatments. 


41 


jit  r.  ■*»  .«■<  i 


Parts 

Availability 

A 

B 

W 

A 

T1 

T2 

T3 

Repair 

Teams 

B 

T4 

T5 

T6 

W 

T7 

T8 

T9 

Factors 

1.  Parts  Avail. 

2.  Repair  Teams 

Factor  Levels 

(A)  Average 

(B)  Best 

(C)  Worst 

Treatments 


Fig.  10.  Factor  Level  Combinations 


Key  Assumptions 

The  two-factor,  fixed  effects  model  assumes  that: 

1.  The  probability  distribution  associated  with  each 
treatment  is  normally  distributed. 

2.  The  probability  distribution  associated  with  each 
treatment  has  the  same  variance. 

'  3 .  The  observations  for  each  treatment  are  random 
observations  from  the  corresponding  probability 
distribution  and  are  independent  of  the  observa¬ 
tions  for  any  other  treatment  [11:474] . 

To  test  for  parts  availability  [factor  (a) ]  main 

effects,  for  repair  teams  [factor  (b) ]  main  effects,  and 

to  test  whether  or  not  these  two  factors  interact  (AB) , 

the  two-factor  ANOVA  requires  three  hypotheses  tests. 

These  are  listed  below: 

1 .  Test  for  Factor  A  Effects 

HQ:  Repair  Cycle  Time  is  not  affected  by 
changes  in  parts  availability. 

H. :  Repair  Cycle  Time  is  significantly 
affected  by  parts  availability. 
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2.  Test  for  Factor  B  Effects 

Hq:  Repair  Cycle  Time  is  not  affected  by 
u  changes  in  repair  team  levels. 

H. :  Repair  Cycle  Time  is  significantly  affected 
by  changes  in  repair  team  levels. 

3.  Test  for  (AB)  Interaction 

Hq:  No  significant  interaction  occurs  between 
the  parts  availability  and  repair  team 
factors. 

H.:  Significant  interaction  does  occur  between 
parts  availability  and  repair  team  fac¬ 
tors. 

To  ensure  that  the  probability  of  rejecting  a  true 
null  hypothesis  was  no  larger  than  5  percent  (a) ,  or  the 
probability  of  committing  such  an  error,  was  set  at  a  level 
of  .05.  To  determine  if  sample  data  produced  by  the  model 
developed  in  Chapter  II  provided  sufficient  evidence  to 
reject  the  null  hypothesis  and  hence  conclude  that  parts 
availability  had  an  effect  on  Repair  Cycle  Time,  or  that 
repair  team  levels  had  an  effect  on  Repair  Cycle  Time,  or 
that  the  two  factors  significantly  interacted,  we  asked 
SPSS  to  produce  a  p-value. 

When  the  p-value  is  so  small  that  a  sample  result 
this  extreme  occurs  only  very  rarely  by  chance  phenome¬ 
non,  the  investigator  can  state  that  the  data  do  not 
support  the  null  hypothesis  or  that  the  result  is  sig¬ 
nificant.  ...  If  a  number  a  is  chosen  as  the  cut¬ 
off  point  or  level  and  the  test  result  gives  a  p-value 
of  p,  the  null  hypothesis  would  be  rejected  if  p£  a  , 
and  not  otherwise  [6:12,13]. 
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As  a  result,  we  decided  that  if  SPSS  produced  a  p-value 
that  was  less  than  a =  .05,  we  would  reject  the  null  hypo¬ 
theses  of  the  three  tests  under  investigation. 

Sample  Size  Selection 

Selecting  an  appropriate  sample  size  for  a  two- 
factor  study  can  be  accomplished  in  several  different  ways. 
Shannon,  in  his  book  System  Simulation;  The  Art  and  Science, 
indicates  that  as  a  general  rule  when  running  a  factorial 
experiment,  experimenters  should  use  a  sample  size  that  will 
"keep  the  degrees  of  freedom  for  the  error  term  at  or  above 
ten  [16:164]."  The  next  section  of  this  chapter  will 
reveal  that  by  having  the  simulation  generate  ten  repli¬ 
cates  for  each  treatment  of  our  two-factor  model ,  we 
obtained  eighty-one  degrees  of  freedom  for  the  error  term, 
and  hence  are  well  above  the  minimum  proposed  by  Shannon. 

Data  Collection 

Table  4  lists  the  ten  Repair  Cycle  Times  produced 
by  the  repair  process  simulation  for  the  nine  possible 
combinations  (nine  treatments)  of  the  parts  availability 
and  repair  team  factor  levels.  The  treatment  means  are 
given  at  the  bottom  of  the  table  and  will  be  used  in 
Chapter  IV  to  construct  the  Resource  Allocation  Decision 
Matrix  that  provides  the  manager  with  the  decision  tool 
he  needs  to  ensure  an  adequate  level  of  spare  engines 
exist  to  support  MAC'S  strategic  airlift  requirements. 
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Note:  A  =  Average;  B  =  Best;  W  =  Worst. 

T . ,  where  i  represents  the  ith  treatment  i=l 


In  order  to  produce  the  ten  replicates  for  each  of 
the  nine  treatments  presented  in  Table  4,  ten  independent 
runs  of  the  repair  cycle  simulation  were  executed,  and  each 
of  ten  mean  Repair  Cycle  Times  were  recorded.  These  ninety 
mean  values  were  then  used  by  the  SPSS  subprogram  ANOVA 
to  test  for  factor  effects  and  interaction  and  provide  the 
information  used  to  build  the  Resource  Allocation  Decision 
Matrix. 
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CHAPTER  IV 


DECISION  SUPPORT  SYSTEM  FORMULATION 

The  purpose  of  this  chapter  is  to  review  the 
results  of  the  two-factor  ANOVA  introduced  in  Chapter  III, 
and  to  build  a  Resource  Allocation  Decision  Matrix  (RADM) 
based  on  these  results.  Output  from  the  SPSS  subprogram 
ANOVA  is  analyzed  and  results  from  this  analysis  are  then 
used  to  generate  the  statistical  information  required  to 
construct  the  matrix. 

ANOVA  Output  Analysis 

The  SPSS  subprogram  was  asked  to  analyze  the  nine 
sets  of  treatment  replicates  (mean  Repair  Cycle  Times) 
given  in  Table  4,  and  produced  the  ANOVA  table  displayed 
in  Table  5. 

As  indicated  in  Chapter  III,  the  two-factor  fixed 
effects  model  assumes  that: 

1.  Each  of  the  probability  distributions  is 

normal . 

2.  Each  probability  distribution  has  the  same 
variance. 

3.  The  error  terms  are  both  independent  and 
normally  distributed. 
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We  know  from  the  Central  Limit  Theorem/  "For  almost  all 
populations  the  sampling  distribution  of  x  is  approximately 
normal,  when  the  simple  random  sample  size  is  sufficiently 
large  [12:202]."  Therefore,  since  the  values  used  as 
replicates  were  mean  Repair  Cycle  Times  derived  from  a 
sample  size  of  400,  we  assumed  that  each  probability  dis¬ 
tribution  is  normal.  Although  the  Cochran's  Test  indi¬ 
cated  that  we  should  reject  the  hypothesis  that  each  treat¬ 
ment  probability  distribution  has  the  same  variance,  it 
can  be  shown  that,  "If  the  error  variances  are  unequal, 
the  F-test  for  the  equality  of  means  with  the  fixed  effects 
model  is  only  slightly  affected  [11:514]."  Fortunately, 
because  Q-GERT  produces  independent  observations,  we  were 
able  to  conclude  that  the  observations  for  each  treatment 
are  random  observations  from  the  corresponding  probability 
distribution,  ar.d  are  independent  of  the  observations  for 
any  other  treatments. 

Once  the  assumptions  of  the  two- factor  model  had 
been  addressed,  the  ANOVA  output  presented  in  Table  5 
was  analyzed,  and  clearly  indicated  the  parts  availability 
(PARTAVL) ,  and  the  repair  teams  main  effect  (REPAIRTM)  , 
with  p^-values  of  .001,  were  statistically  significant 
at  the  a  *  .01  level.  Additionally ,  their  two-way  inter¬ 
action,  with  a  p-value  of  .001,  was  statistically  signifi¬ 
cant.  Thus  we  can  reject  the  null  hypotheses: 


H-:  Repair  Cycle  Time  is  not  affected  by  changes 
u  in  parts  availability; 

Hq:  Repair  Cycle  Time  is  not  affected  by  changes 
in  repair  team  levels; 

Hq:  No  significant  interaction  occurs  between 
parts  availability  and  repair  team  levels; 

and  conclude 

1,  Changes  in  the  level  of  parts  availability  or 
changes  in  the  repair  team  levels  have  a  significant  effect 
on  cycle  time  achieved  by  the  repair  process;  and 

2.  A  significant  difference  between  the  mean 
Repair  Cycle  Times  will  be  observed  for  any  two  levels  of 
parts  availability  as  we  move  from  one  level  of  repair 
teams  to  the  next  or,  conversely,  that  we  will  observe  a 
significant  difference  between  the  mean  Repair  Cycle  Times 
for  any  two  levels  of  repair  teams  as  we  move  from  one 
level  of  parts  availability  to  the  next. 

Figure  11  graphically  displays  this  interaction 
phenomenon  for  the  AB  factor  level  combination.  Interaction 
is  indicated  because  the  factor  level  curves  in  the  graph 
fail  to  remain  parallel  as  they  move  across  the  factor 
levels  plotted  on  the  ordinal  axis.  This  is  clearly  the 
case  in  both  graphs  plotted  in  Figure  11. 

Resource  Allocation  Decision 
Matrix  Development  “ 

Because  the  ANOVA  table  indicated  that  significant 
interactions  existed,  the  Tukey's  Multiple  Pairwise  Com¬ 
parison  Test  was  used  to: 
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Vrt  =  770 
Vrt  =  865 

BpART  -  757 
B_W__  =801 


Vh  “  770 

V»  =  922 

=  689 


Note:  The  dotted  1-inea  indicate  hew  the  changes  would  lave 
been  had  there  been  no  interaction. 


Fig.  11.  Critical  Factor  Interaction 


1.  Estimate  the  difference  between  all  possible 
pairs  of  treatment  means; 

2.  Determine  if  the  difference  between  any  par¬ 
ticular  pair  of  treatment  means  was  statistically  signifi¬ 
cant;  and 


3.  If  significant,  whether  the  difference  repre¬ 
sented  a  positive  or  negative  shift  in  the  mean  Repair 
Cycle  Times. 

This  procedure  allowed  us  to  obtain  the  information  needed 
to  construct  the  Resource  Allocation  Decision  Matrix. 
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Tukey  Multiple  Pairwise  Comparison 

To  accomplish  the  Tukey  Multiple  Pairwise  Com¬ 
parison,  the  nine  treatment  means  reported  in  Table  4  of 
Chapter  III  were  rank  ordered  and  plotted  on  the  real 
number  line  as  shown  in  Figure  12. 

— I - ( - 1 - ( - 1 - 1 - 1 - 1 - 1 - 

689  691  757  770  801  806  865  922  1024 

Fig.  12.  Rank  Order  of  RCT  Means 

A  comparison  involving  any  pair  of  means  was  declared  to 
be  significant  if  their  difference  exceeded  the  following 
Tukey' s  Honestly  Significant  Difference  test  statistic, 
defined  by: 

HSD  *  qta.v)^  MSE/n  *  5.21^^|^~  =  65 

where , 

v  *  the  degrees  of  freedom  for  the  Mean  Square 
Error  =  9; 

a  =  level  of  significance  =  .01; 
n  =  the  number  of  observations  for  each  treatment 
level  (assuming  all  treatment  sample  sizes 
are  equal) ;  and 

MSE  *  Mean  Square  Error  from  ANOVA  output  in  Table  5. 

To  construct  Table  6,  the  Resource  Allocation 
Decision  Matrix,  we  implemented  the  following  procedure: 

Step  1.  The  mean  difference  between  all  possible 
pair  combinations  was  computed,  and  the  sign  noted; 

Step  2.  The  absolute  difference  was  compared  to  the 
HSD  statistic  to  determine  if  it  constituted  a  significant 
difference;  and 
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Step  3.  If  a  difference  was  significant,  it  was 
placed  in  the  appropriate  cell  with  a  subscript  of  S*,  S+, 
which  should  be  interpreted  as  implying  a  significant 
decrease  or  increase  in  RCT;  if  the  difference  was  not  sig¬ 
nificant,  an  NS  was  placed  in  the  appropriate  cell. 

Although  the  table  contains  point  estimates  for 
Repair  Cycle  Times,  managers  may  be  interested  in  obtain¬ 
ing  information  about  the  precision  of  the  estimate.  For¬ 
tunately,  the  Tukey  Multiple  Comparison  procedure  provides 
multiple  comparison  interval  estimates  for  any  or  all  pair¬ 
wise  comparisons  between  two  treatment  means.  For  example, 
if  a  manager  is  contemplating  going  from  wpART  to  BpBR^ 
combination,  using  Table  6  he  observes  the  difference  is 
233.  He  can  also  determine  that  with  95  percent  confidence 
the  true  mean  difference  lies  between  179  and  28 7. 6 

In  Chapter  V,  a  scenario  will  be  developed  that 
demonstrates  that  objective  two  of  this  research  effort  (to 
develop  a  decision  support  system  which  enables  the  engine 
manager  to  assess  the  influence  on  Repair  Cycle  Time  of 
additional  funding  levels  in  special  factor  areas)  has  been 
achieved. 

6D-Ts(D)<yij-Ui.:..<D+Ts(D)  i,j#i%j' 

where : 

D  -  *ij.-Vj: 

S2(D)  -  2MSE/n 

T  »  — q(l-a;ab, (n-1) ab) 

/T 
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CHAPTER  V 


PREDICTION 

This  chapter  provides  a  scenario  which  demonstrates 
the  value  of  the  Decision  Support  System  (DSS)  introduced 
in  Chapter  IV.  Its  significance  as  a  management  tool  is 
discussed  as  we  examine  the  management  decision  process 
involved  in  responding  to  a  congressional  inquiry  regarding 
the  effect  increased  funding  for  resources  might  have  on 
the  engine  repair  proces. 

Scenario 

Because  of  the  outcome  of  the  past  presidential 
election,  many  areas  of  national  defense  are  slated  to 
undergo  major  changes.  One  change  that  will  have  a  sig¬ 
nificant  impact  on  the  area  of  logistic  support  is  the 
upgrading  of  our  ability  to  respond  to  a  crisis  anywhere  in 
the  world. 

One  method  of  increasing  the  logistic  support  to 
our  forces  is  to  increase  the  amount  of  spare  parts  that 
will  be  funded  in  the  upcoming  budget.  But,  in  order  to 
authorize  the  monies  needed  to  purchase  these  spare  parts. 
Congress  will  want  to  know  how  it  will  affect  the  overall 
ability  of  the  units  to  accomplish  their  mission. 
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So,  the  question  becomes — How  will  an  increase  in 


the  percentage  of  available  parts  affect  a  unit's  operation? 

If  Congress  decides  to  increase  the  percentage  of 
parts  available  for  jet  engine  maintenance,  one  of  the 
first  things  they  will  do  is  to  equate  the  amount  of  money 
being  made  available  to  a  percentage  increase  in  parts 
availability. 

For  example,  if  Congress  decided  that  it  would 
increase  spare  parts  funding  by,  say,  50  million  dollars, 
this  might  be  equated  to  a  10  percent  increase  in  the  level 
of  parts  availability  Air  Force-wide.  This  would  be  com¬ 
parable  to  going  from  an  ApA^  to  a  BpART  position  as 
defined  by  this  study  in  Chapter  IV.  Therefore,  the  mana¬ 
ger  has  to  be  able  to  quickly  and  accurately  provide  infor¬ 
mation  with  regard  to  how  Repair  Cycle  Time  is  affected  by 
changes  in  those  critical  factors  discussed  in  this 
research . 

First,  the  manager  would  review  the  structural  model 
that  is  provided  in  Chapter  II.  If  it  represents  his  cur¬ 
rent  operation,  he  might  only  change  the  parameters  repre¬ 
senting  those  conditions  he  is  presently  experiencing. 

After  this,  he  would  then  obtain  simulation  output  similar 
to  that  displayed  in  Table  7.  The  information  that  is  of 
use  to  him  is  found  under  the  node  twenty-one  statistic 
which  shows  that  the  average  Repair  Cycle  Time  is  747.6 
hours.  He  would  use  the  information  from  ninety  such 
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TABLE 


* 

* 


simulation  runs  to  supply  data  to  the  two-factor  analysis 
of  variance  test. 

With  this  information,  the  manager  could  now  per¬ 
form  the  Tukey  Honestly  Significant  Difference  test  sta¬ 
tistic.  That  would  let  him  know  what  changes  in  the  Repair 
Cycle  Time  were  significant.  Next  he  would  construct  the 
Resource  Allocation  Decision  Matrix  (RADM)  (Table  8)  and 
use  this  table  to  accurately  make  predictions  about  changes 
in  the  Repair  Cycle  Time  induced  by  variations  in  the  level 
of  the  critical  factors  that  affect  his  operation. 

The  manager  would  enter  the  RADM  Table  8  from  the 
left  at  the  ApWRT  row.  Moving  to  the  right,  and  anticipating 
an  increase  in  parts  to  Bp  he  would  stop  under  the  BpART 
column  which  shows  a  significant  decrease  in  Repair  Cycle 
Time  of  108  hours  or  approximately  seven  days.  This 
decrease  of  seven  days  would  mean  more  engines  could  be  pro¬ 
cessed  in  a  shorter  period  of  time.  This  also  implies  that 
there  would  be  more  spare  engines  available  for  the  plan¬ 
ners  to  allocate  for  the  support  of  any  surge  effort. 

The  manager  can  now  answer  the  question.  How  will 
a  given  percentage  change  in  parte  availability  affect  the 
Repair  Cycle  Time  for  hie  operation?  In  this  case,  the 
manager  could  report  that  with  a  10  percent  increase  in 
parts  availability,  there  would  be  a  seven-day  decrease  in 
the  average  Repair  Cycle  Time  for  a  TF-33  jet  engine. 
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With  this  information  readily  available ,  any  manager  or 
planner  could  supply  Budget  Analysts  or  Congressional 
Committee  members  with  very  real  and  accurate  information. 

Chapter  VI  will  present  the  conclusions  of  this 
research  study  and  make  recommendations  covering  ways  the 
Decision  Support  System  developed  by  this  research  team 
may  be  enhanced. 


61 


CHAPTER  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 

Overview 

The  premise  of  this  research  was  that  the  time  to 
repair  the  TF-33  engine  at  the  base  level  is  a  major  fac¬ 
tor  in  spare  engine  availability.  Since  no  decision¬ 
making  tool  existed  that  could  aid  the  manager  in  his 
attempt  to  minimize  this  repair  time,  this  thesis  attempted 
to  develop  such  a  tool.  In  this  chapter,  results  of  our 
research  are  reviewed  and  recommendations  for  the  applica¬ 
tion  and  further  enhancement  of  the  model  are  made. 

Conclusions 

The  authors  feel  that  the  research  objectives  of 
this  study  were  accomplished.  The  following  is  a  review 
of  those  objectives. 

Objective  One 

To  develop  a  valid  estimate  for  the  length  of  the 
Base  Repair  Cycle  for  the  TF-33  P7/7A  engine. 

By  developing  and  verifying  a  Q-GERT  simulation 
model  in  Chapter  II  which  depicted  the  engine  repair  pro¬ 
cess,  a  valid  estimate  for  the  length  of  the  Base  Repair 
Cycle  was  obtained. 
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To  develop  a  Decision  Support  System  which  enables 
the  engine  manager  to  assess  the  influence  on  Repair  Cycle 
Time  of  additional  funding  levels  in  specific  factor  areas. 

Using  the  information  from  the  simulation  model 
in  a  two-factor  ANOVA,  the  significance  of  the  various 
factor  level  combinations  was  determined.  This  provided 
the  information  needed  to  build  the  Resource  Allocation 
Decision  Matrix.  This  decision  matrix  allowed  the  manager 
to  answer  the  question — How  will  a  given  percentage  change 
in  parts  availability  affect  the  Repair  Cycle  Time  of  his 
operation? 

Recommendations 

The  pursuit  of  the  research  objectives  has  produced 
a  number  of  related  topics  that  may  prove  to  be  worthwhile 
for  further  study. 

1.  The  critical  factor  experience  level  should  be 
quantified.  If  the  relationship  between  experience  level 
and  repair  time  can  be  developed,  then  a  more  complete 
model  of  the  Base  Repair  Cycle  can  be  developed. 

2.  A  cost  model  should  be  developed  which  fully 
explores  the  cost  tradeoffs  of  the  various  alternatives 
proposed  by  the  matrix  built. 

3.  The  Base  Repair  Cycle  model  and  Resource  All oca 
tion  Decision  Matrix  should  be  expanded  to  be  able  to  pre¬ 
dict  repair  time  for  the  whole  weapon  system. 
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APPENDIX  A 

HYPOTHESES  —  STATISTICAL  TESTS 
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